Abstract Period homologue 3 (PER3) is a component of the mammalian circadian system, although its precise role is unknown. A biallelic variable number tandem repeat (VNTR) polymorphism exists in human PER3, consisting of 4 or 5 repeats of a 54-bp sequence in a region encoding a putative phosphorylation domain. This polymorphism has previously been reported to associate with diurnal preference ("morningness" and "eveningness") and delayed sleepphase syndrome. We have investigated the global allele frequencies of this variant in ethnically distinct indigenous populations. All populations were polymorphic, with the shorter (4-repeat) allele ranging in frequency from 0.19 (Papua New Guinea) to 0.89 (Mongolia). To investigate if allele frequency has been influenced by natural selection, the authors 1) tested for a correlation with latitude and mean annual insolation (incident sunlight energy), using classical markers to correct for historical population differentiation; and they 2) compared allelefrequency difference between European American, African American, and East Asian populations, as measured using F ST , to an empirical null distribution of F ST values based on a genome-wide dataset of single nucleotide polymorphisms (SNPs) of presumed neutral loci that were previously typed by The SNP Consortium. The variation in allele frequencies between indigenous populations did not show a pattern that would indicate selective pressure on PER3 resulting from day-length variation or mean annual insolation, and the allele-frequency difference between European Americans, African Americans, and East Asians was not an outlier when compared to the distribution for presumed neutral SNPs. We therefore find no evidence for differential or balancing selection in the contemporary pattern of global PER3 allele frequencies.
loops (Lowrey and Takahashi, 2004) . Some of the loops' transcription complexes (in addition to being part of the core clock) act as the clock's output by driving the expression of so-called clock controlled genes (CCGs) that effect the circadian phenotype (Dunlap, 1999; Reppert and Weaver, 2002) . The PER3 protein is thought to be a component of one of these transcriptional complexes, but the subtle effects of inactivating it in mice would indicate that rather than being a core clock component, Per3 may be involved in "buffering" the other components or may even be a CCG (Bae et al., 2001; Shearman et al., 2000) .
A screen of PER3 in a Japanese population (Ebisawa et al., 2001 ) revealed a number of polymorphisms, of which one (a missense polymorphism defining a rare haplotype) was reported to be associated with delayed sleep-phase syndrome (DSPS), a circadian rhythm sleep disorder. Another polymorphism, which was described but not characterized in that publication, is a biallelic length change in a putative phosphorylation domain-encoding region. This region is composed of 4 indirect repeats of a 54-bp sequence, the novel allele having an added repeat in the middle. It is not located within any identified functional domain but is near to the putative binding site for casein kinase I (Archer et al., 2003) . The repeat is entirely absent in mice, rats, and dogs, and is present with varying copy numbers in primates (Jenkins et al., 2005) . It was reported in a UK population (Archer et al., 2003) that this polymorphism may influence diurnal preference ("morningness" and "eveningness"), the 4-repeat allele being associated with eveningness (a behavioral preference for evening activity) and DSPS (which may be considered an extreme form of eveningness), while the 5-repeat allele was associated with morningness. A recent report (Pereira et al., 2005) was able to replicate the association with diurnal preference in a Brazilian population, but the authors found the 5-repeat allele to be associated with DSPS, leading them to suggest the possibility of a latitudinal influence.
Genetic variation in components of the circadian clock allows natural selection to optimize the relationship between clock-influenced biological processes and the sun's diurnal cycle (Michael et al., 2003) . The environmental factor that most directly affects variation in the timing of dawn and dusk is latitude, and previous studies in Arabidopsis have shown latitudinal clines both in the free-running (constant light) circadian period and in allele frequencies of genes thought to contribute to the clock's function (Michael et al., 2003) . In addition, allele frequencies of the polymorphic Drosophila clock component period (per) also show a latitudinal cline (Costa et al., 1992) , although in this case, the cline is thought to be related to the clock's temperature compensation (Peixoto et al., 1998; Sawyer et al., 1997) . A latitudinal variation in PER3 allele frequency has already been hypothesized based on the opposite associations with DSPS reported in a British and a Brazilian population (Pereira et al., 2005) . If PER3 alleles do influence diurnal preference, then it is reasonable to hypothesize that such variation could have repercussions for fitness, possibly shaped by day-length variability or mean annual insolation (intensity of incoming solar radiation per unit surface area).
To investigate the hypothesis that natural selection has shaped the global PER3 allele-frequency distribution, 2 approaches were employed. The first was to correlate allele-frequency differences (measured using the statistic F ST ; Weir, 1996) with differences in potential environmental selective pressures (daylength variation and mean annual insolation), while correcting for the average degree of genetic relatedness among populations as evidenced by classical markers (Cavalli-Sforza et al., 1994) . F ST is a convenient measure of allele-frequency difference and is defined as the proportion of allele-frequency variance that is attributable to between-population differences (Weir, 1996) . An F ST of 0 would indicate that 2 populations have identical allele frequencies, while an F ST of 1 would indicate no allele sharing and complete fixation of alleles within populations. Two models to explain the contemporary geographic distribution of 4/5-repeat allele frequency were compared: influence by drift shaped by demographic history alone, and influence by drift together with environmental selection pressure. The 2 models were formally compared using a partial-correlation permutation test similar in principle to the Mantel test (see Materials and Methods section for details).
The 2nd approach was a comparison of PER3 allelefrequency differences (F ST ) to allele-frequency differences of a genome-wide panel of single nucleotide polymorphisms (SNPs) in 3 different populations (European American, African American, and East Asian). Allele-frequency differences among populations could arise as a result of differential selection pressures favoring different alleles in different populations. However, because of the stochastic nature of inheritance, non-zero F ST s will also arise at strictly neutral polymorphic loci. A set of neutral loci will have a distribution of interpopulation F ST values (the neutral or null distribution), the shape of which is a result of genetic drift shaped by demographic history. Thus, in the absence of other evidence, the default position among evolutionary biologists is to use nonselection-based explanations for differences in allele frequencies. Stated more formally, neutrality is the null hypothesis against which predictions of the effect of adaptive evolution on allele frequency must be compared. However, if a locus has been under directional selection for 1 allele in 1 population but not the other, this would have the effect of driving allele-frequency difference (and increasing F ST ) beyond that expected under neutrality (Akey et al., 2002; CavalliSforza, 1966; Lewontin and Krakauer, 1973) . Conversely, under balancing selection, F ST would be reduced relative to its neutral distribution. This provides the basis of a convenient test for hypotheses of selection acting on candidate loci. Recently, large data sets of SNP frequencies in 3 different populations (European American, African American, and East Asian) have become available and have been used to compile empirical null distributions of F ST (Akey et al., 2002; Sachidanandam et al., 2001 ).
MATERIALS AND METHODS

Samples
The DNA samples from 25 global populations (see Table 1 and Fig. 1 for locations and sample sizes) were used for global studies of allele-frequency distribution. All samples were collected from paternally unrelated men. Data for the Japanese population are from Ebisawa et al. (2001) . Additionally, 84 DNA samples representing 42 African Americans and 42 European Americans (Coriell Cell Repositories, panel IDs: TSC_42_AA and TSC_42_CAU, respectively) that had been used by The SNP Consortium (TSC) were also selected for genotyping. The 84 Coriell Cell Repository samples will hereafter be referred to as the Coriell Panel. 
Genotyping
The region of the PER3 gene containing the 4/5-repeat polymorphism was amplified by polymerase chain reaction (PCR) in a volume of 10 µL containing 200 µM dNTPs, 10 mM Tris-HCl (pH 9.0), 0.1% Triton X-100, 0.01% gelatin, 50 mM KCl, 1.5 mM MgCl 2 , 0.13 U Taq polymerase (HT Biotech, Cambridge, UK), 9.3 nM TaqStart Monoclonal Antibody (Clontech, Palo Alto, CA), and 0.15 µM of each of the primers described by Ebisawa et al. (2001) . The Taq polymerase and TaqStart Monoclonal Antibody were premixed prior to being added to the other PCR components. Cycling parameters were a preincubation at 94°C for 3 min followed by 38 cycles of 94°C for 45 sec, 63.5°C for 45 sec, and 72°C for 1 min. The PCR products were electrophoresed in a 1.5% agarose gel and visualized by ethidium bromide staining.
Data Analysis
Data on presumed neutral SNPs typed in 42 African Americans, 42 European Americans, and 42 East Asians (Akey et al., 2002; Sachidanandam et al., 2001) were taken from a dataset of 33,487 SNPs typed by the Orchid Laboratory, publicly available at the TSC Web site (http://snp.cshl.org/allele_frequency_project/ panels.shtml). We carefully selected SNPs from the larger dataset, such that each SNP was 1) variable, either within or between populations; 2) mapped only once onto the genome; and 3) separated by at least 50 kb from the next-nearest SNP, to minimize correlation in F ST values. This left a total of 11,970, 11,024, and 11,952 SNPs active in the African American versus European American, East Asian versus European American, and African American versus East Asian comparisons, respectively. We note that this SNP set will, by chance, contain some loci that are under selection, but unless the proportion of loci under balancing selection is large, then this will have only a conservative effect on the comparisons presented here. All F ST values were calculated using the unbiased "random populations" formula for haploid data given by Weir (1996) .
Mean surface solar irradiance (insolation) was estimated from data obtained from the NASA Surface Solar Irradiance Web site (http://daac.gsfc.nasa.gov/ interdisc/readmes/srfrad.shtml). These data consisted of mean monthly insolation estimates covering a period from July 1983 to June 1991 on a 1°× 1°grid over the entire earth. These data were averaged to provide a mean annual insolation. Day-length variation across 1 year at the sample locations was calculated using a Web-based NASA algorithm (http:// aom.giss.nasa.gov/srlocat.html). Population pairwise distance matrices of mean annual insolation and day-length variation were created by squaring the population pairwise differences for the 2 parameters between the populations used. Global population pairwise F ST values, calculated from the isoform frequencies of polymorphic proteins (also known as classical markers), were taken from Cavalli-Sforza et al. (1994) .
Mantel-type permutation tests carried out on partial correlation coefficients were performed using routines written by one of the authors (M.E.W., available on request). The test takes 3 square matrices (A, B, and C) of population pairwise difference values (i.e., 1 row and 1 column for each population sample). First, the observed partial correlation statistic of the offdiagonal matrix elements of A on B given C is found. Then, the null distribution of this statistic is found by a Mantel-type permutation procedure, in which rows (and corresponding columns) of the A matrix are shuffled at random 10,000 times, and the statistic is recalculated. The estimated 1-tailed p-value is the proportion of times the permuted partial-correlation values are equal to or exceed the observed value, and twice this proportion is the estimated 2-tailed p-value. In the analyses performed here, matrix A contained PER3 F ST values, matrix C contained classical-marker F ST values obtained from Cavalli-Sforza et al. (1994) , and matrix B contained pairwise squared differences in either day-length variation or mean annual insolation (see Results section for further details).
The exact test of population differentiation (Raymond and Rousset, 1995) was performed using the population genetics data analysis software Arlequin (Schneider et al., 2000) . All other statistical analyses were carried out using the statistical package "R" (R Development Core Team, 2003) . A contour map of the geographic distribution of the PER3 4-repeat allele was estimated and visualized by surface interpolation (tension factor = 0.9) using the Generic Mapping Tools software (Wessel and Smith, 1998) .
RESULTS
Global Allele-Frequency Data
The observed frequencies of the PER3 gene 4-repeat allele are given in Table 1 and are displayed as an interpolated contour map in Figure 1 . The 4-repeat allele frequency observed in our UK sample was the same as that observed by Archer et al. (2003) (exact test of population differentiation, p = 1.00) (Raymond and Rousset, 1995) . Genotype frequencies deviated significantly (p ≤ 0.05) from the Hardy-Weinberg equilibrium in the Ladin-speaking Tyrolean sample (p = 0.016). This may be due to the Ladin-speaking populations being isolated, having a small effective population size, and being highly structured (M.G.T., unpublished data). There was a great deal of heterogeneity in gene frequency, with populations forming 3 groupings and 2 outliers. A total of 14 populations (Finns, Iranians, Malawis, Nigerians, Norwegians, Manjak Senegalese, Wolof Senegalese, Southern Sudanese, Ladin-speaking Tyroleans, British, Ukrainians, South African Bantu-speakers, Anatolians, and Afghans) had 4-repeat allele frequencies between 0.6 and 0.7. The Mongolian, Sichuan Chinese, and Japanese populations had values between 0.8 and 0.9. Five other populations (Algerians, Northern Sudanese, Amharic Ethiopians, Yemenis, and Hindus from India) formed a grouping with 4-repeat allele frequencies of about half to 0.6. The Lake Chad population had a 4-repeat allele frequency of 0.75. The major outlier was the Papua New Guinean sample, with a 4-repeat allele frequency of 0.19.
Clinal and Pairwise Matrix Analysis of Population Allele Frequencies
To investigate clinal relationships between PER3 allele frequency, day-length variation, and mean annual insolation, simple linear regressions were performed on population allele frequency against daylength variation and against mean annual insolation at that population's location (Fig. 2) . These analyses were performed twice, with and without the Papua New Guinea data, since it was an influential outlier that could disproportionately alter the overall results for the rest of the data. There was no statistically significant trend in allele frequency against day-length variation (p = 0.12 with Papua New Guinea, p = 0.24 without Papua New Guinea). There was a stronger negative trend between allele frequency and insolation (p = 0.11 with Papua New Guinea, p = 0.05 without Papua New Guinea).
Although the trend of allele frequency against insolation borders on significance when Papua New Guinea is removed, the above analyses may be misleading, as they do not take into account the potentially confounding effect of human demographic history. To account for this, we took advantage of the large dataset available on the frequencies of classical markers in global populations (Cavalli-Sforza et al., 1994) . We used F ST values derived from these markers as an indication of genetic distance due to demographic history, under the assumption that most classical markers are neutral. An PER3 F ST matrix was calNadkarni et al. / EVOLUTION OF PER3 495 culated from 4-repeat allele frequencies, and a comparable matrix was calculated from classical marker F ST values (Cavalli-Sforza et al., 1994) . The populations for which classical marker data were available do not completely coincide with those genotyped here. We therefore identified 14 populations that had exact or near-exact equivalents to those we have genotyped for PER3 and used them for comparison (see Table 1 ). We also calculated pairwise distance matrices for day-length variation and annual insolation, based on squared differences. We then tested, by permutation of the PER3 F ST matrix (see Materials and Methods section), whether the partial correlations between PER3 F ST and the 2 solar variables were significant after classical marker F ST values were taken into account (Fig. 3) . In both cases, after correcting for classical marker genetic variation, the remaining partial correlations were low and not significant (daylength variation: partial correlation = 0.000847, p = 0.607; mean annual insolation: partial correlation = -0.113, p = 0.563).
To provide a further test of geographical differential selection, using a different comparative dataset, the PER3 4/5-repeat it is unlikely to be as important as day length in terms of photoentrainment, it may affect the temperature compensation of the clock or the sleeping habits of the individual or the population. However, it is difficult to posit quantitative environmental or behavioral factors that would favor morning or evening preference outside of the parameters listed above. The process of elucidating these factors is made more complicated by evidence that ancient human sleep patterns were different from those of modern humans (Wehr, 1999) , and that sleep patterns also vary with culture and latitude (Pereira et al., 2005) . Further studies of the PER3 locus are required to investigate the possible existence of other signals of selection.
